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ABSTRACT
The NCEP reanalysis data of surface heat fluxes and other related data are used to study their relationship
with the Arctic Oscillation (AO). Positive and negative high correlation regions (HCR) between heat fluxes
and the AO within the northern North Atlantic are identified. The main factor influencing heat fluxes is the
atmospheric circulation over the Nordic Seas, which produces meridional heat transports and generates
ocean circulation variability. Our hypothesis is that there are positive feedbacks that enhance the AO and
negative feedbacks that weaken it. Among the three main factors related to the atmospheric circulation in
Nordic Seas, meridional wind and ocean circulation result in negative feedbacks. Upward airflow produces
three effects: upward advection of warm air, latent heat release by condensation and increased short-wave
radiation absorption, which all result in positive feedback to the AO. The region dominated by positive
feedback is referred to as Arctic Oscillation Positive Feedback Region (AOPFR). Its area is relative small,
but it may have hemispheric effects through the divergence of the airflow. Regarding the driving factor of
AO, we find that the upwelled airflow produces the only positive feedback, while oceanic circulation acts as a
negative feedback contributor. Both atmospheric and oceanic processes are all important factors governing
the evolution of the AO.
Keywords: Arctic Oscillation, heat fluxes, feedback, upward airflow, ocean advection
1. Introduction
Sea surface temperature (SST) is one of the main factors
influencing the variation of the climate system, which is
related to both the air-sea heat fluxes and horizontal
ocean heat transport (Biastoch et al., 2008). In the
climate system, the ocean absorbs most of the solar radia-
tive energy reaching its surface, although part is re-
released to the atmosphere by heat fluxes through the sea
surface (Trenberth and Smith, 2009). The heat fluxes
comprise radiative heat fluxes (short-wave and long-wave
radiation) and turbulent heat fluxes (sensible and latent
heat fluxes). Heat exchange through the air-sea interface
is the main process for the air-sea coupling (Trenberth
and Smith, 2009). The air-sea heat fluxes have been
shown vary spatially, e.g. in the subpolar regions (Moore
et al., 2012) and the Nordic Seas (Zhao and
Drinkwater, 2014).
The character of large-scale air-sea interaction over the
mid-latitude North Atlantic Ocean differs with timescale:
the atmosphere directly drives most short-term to interan-
nual SST variability, and the ocean contributes signifi-
cantly to longer term variability of SSTs and potentially
atmospheric variability (Bjerknes, 1964). This was con-
firmed by Gulev et al. (2013) through analysis of surface
heat fluxes. On time scales longer than 10 years, surface
turbulent heat fluxes are driven by the ocean and may
force the atmosphere. It is suggested that the predictabil-
ity of mid-latitude North Atlantic air-sea interaction
could extend beyond the ocean to the climate of sur-
rounding continents (Gulev et al., 2013). The surface heat
fluxes play a key role in year-to-year changes in the SSTs
in the tropic Atlantic, but a relatively minor role in the
subpolar and subtropical regions (Grist et al., 2010).
However, the heat transportation in the North Atlantic
Ocean is a key factor in the global climate system, as a
branch of the North Atlantic Current brings enormous
heat to the north, which is unique in the world oceans.
The total heat transport into the Nordic Seas through
three channels on the Scotland-Greenland Ridge is
about 254 TW (Jonsson and Valdimarsson, 2012;Corresponding author. e-mail: jpzhao@ouc.edu.cn
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Berx et al., 2013; Hansen et al., 2015). This heat eventu-
ally is released to the atmosphere in the Nordic Seas and
marginal seas of the Arctic Ocean.
There are two dominant long time scale processes in
the North Atlantic Ocean; one is at multidecadal scales
and the other is decadal. The Atlantic Multidecadal
Variability (AMV), also referred to as the Atlantic
Multidecadal Oscillation (AMO), is defined as the
detrended and filtered average SST over the North
Atlantic from the equator to typically 60–70N (Enfield
et al., 2001; Sutton and Hodson, 2005). There is spatial
variability in the North Atlantic SST field (Goldenberg
et al., 2001; Deser et al., 2010). The amplitude is most
pronounced in the extratropics and south of Greenland
with a period of 60–80 years (Knight et al., 2005; Sutton
and Hodson, 2005).
The North Atlantic Oscillation (NAO) dominates the
decadal time-scale variation of the climate system in
North Atlantic (Hurrell, 1995), which is expressed by dif-
ferences in sea level pressure (SLP) between the Icelandic
Low and the Bermuda-Azores High using data from
Akureyri or Stykkisholmur in Iceland and the Azores
(Walker and Bliss, 1932; Rogers, 1985) or Lisbon,
Portugal (Hurrell, 1995). This seesaw-like dipole oscilla-
tion is an important atmospheric circulation index, which
was described in the 1920s (Walker and Bliss, 1932) and
has been studied extensively (Hurrell et al., 2003). NAO
variability has been shown to strongly influence North
Atlantic subpolar marine ecosystems (Drinkwater et al.,
2003; Stenseth et al., 2004). The Arctic Oscillation (AO)
is defined by the first mode of the Empirical Orthogonal
Function (EOF1) of SLP north of 20N, and the time
coefficient of EOF1 was defined as the Arctic Oscillation
Index (AOI) (Thompson and Wallace, 1998). The AO is
considered the most important pattern of atmospheric cir-
culation in Northern Hemisphere, especially in winter
(Thompson and Wallace, 2001; Wallace and Thompson,
2002). It undergoes spatial variability, including changing
shape through area shrinking and expanding, and bound-
ary changes (Zhao et al., 2010). Indices of AO and NAO
are highly correlated with a correlation coefficient about
0.92 (Ambaum et al., 2001). Some researchers argue that
the NAO is in fact part of the AO (http://w1.weather.gov/
glossary/index.php?word¼arcticþoscillation), but more
studies revealed that there are subtle and notable differen-
ces in NAO and AO variations (Baez et al., 2013; Hanna
et al., 2015).
The main impediment to understanding the low-fre-
quency oscillations is knowledge of their driving factors,
or, physical mechanisms, which remains insufficient to
reliably predict future changes (Hanna and Cropper,
2017). Recent debates have focussed on the mechanism of
AMV. In many climate models, AMV results from
variations in the Atlantic Meridional Overturning
Circulation that is generated internally by the coupled
ocean–atmosphere system itself (Gulev et al., 2013). Some
studies proposed different opinions. Ottera et al. (2010)
and Booth et al. (2012) suggested that radiative forcing
by aerosol–cloud drives the AMV. Clement et al. (2015)
proposed that AMV can be produced in a model that
does not include ocean circulation changes. Their results
suggest that AMV is a response to stochastic forcing
from the mid-latitude atmospheric circulation, and the
AMOC would be largely a response to, not a cause of,
AMV. Zhang et al. (2013) and Zhang et al. (2016) con-
tended that ocean dynamics play a central role in AMV
while Clement et al. (2016) reaffirmed their point of view.
For AO/NAO, analogically it is also a question: What
is the driving factor, atmosphere or ocean? Previous stud-
ies gradually realised the NAO is related to systematic
changes in the wind anomaly, latent and sensible heat
fluxes (Cayan, 1992), sea surface temperature
(Kawamura, 1994), the katabatic winds blowing off
Greenland (Slonosky et al., 1997) and ice coverage (Deser
and Blackmon, 1993). These variations can be explained
as a response to changes in surface fluxes caused by
changes in the atmospheric circulation (Seager et al.,
2000). It is suggested that NAO growth is driven by both
high- and low-frequency transient eddy vorticity fluxes,
and that the decay of the NAO is due to both the influ-
ence of the low-frequency eddy fluxes and Ekman pump-
ing (Feldstein, 2003).
The AO is closely related to sea-ice variability in the
Arctic Ocean. In recent years, the Arctic has warmed 2.5
times more than the global mean, which has been termed
Arctic Amplification (Serreze and Francis, 2006) and is
considered a response to the anthropogenic radiative forc-
ing by increasing greenhouse gases (Gillett et al., 2008).
The mechanism responsible for Arctic Amplification was
explained mostly by the ice-albedo feedback occurring in
the Arctic Ocean (Tanaka and Tamura, 2016), but many
other processes, such as reduction of ocean heat storage
in autumn and cloud radiative feedback, are also consid-
ered to be important (Yoshimori et al., 2014). Arctic
Amplification has an obvious impact on the climate of
the mid-latitudes, such as recent severe winters in mid-
latitude Eurasia (Cohen et al., 2012; Tang et al., 2013),
North America (Francis and Vavrus, 2012) and Europe
(Overland et al., 2011). Three potential dynamical path-
ways linking Arctic amplification to mid-latitude weather
are: storm tracks, the jet stream and planetary waves
(Cohen et al., 2014). However, based on the result of
Mori et al. (2014), the atmospheric response to sea-ice
decline is independent of the AO.
The motivation of this study is to determine the pos-
sible mechanisms of low-frequency variations at the
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decadal timescale, focussing on the AO. We consider the
AO as an air-sea coupled system, with the interaction of
ocean and atmosphere as an internal process of the sys-
tem. These internal processes could be described by feed-
backs, not by driving factors. Using correlation analysis
of the surface heat fluxes with AO, the positive and nega-
tive feedbacks are identified. The AO strengthens with
positive feedbacks and weakens with negative feedbacks.
Despite heat flux variations in ice-covered regions, we
focus on the sea surface heat fluxes in the North Atlantic
and Nordic Seas and their relationship with the AOI. In
Section 2, the data and analysis methods are introduced.
The correlations of heat fluxes with the AOI are dis-
cussed in detail in Section 3. In Section 4, the positive
and negative feedbacks of heat fluxes to AO process are
analysed. Our conclusions are summarised in the
final section.
2. Data and analysis methods
2.1. Data
Most data used in this study are NCEP-DOE Reanalysis-
2 from the National Centre of Environment Prediction
(NCEP), which is an improved version of the NCEP
Reanalysis-1 using a state-of-the-art analysis/forecast sys-
tem to perform data assimilation using past data (http://
www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanaly-
sis2.html#references). These data include the components
around the air-sea interface: monthly short-wave and
long-wave radiation, sensible and latent heat fluxes, cloud
coverage, SST, air temperature at 2m, wind velocity, SLP
and AOI. They also include data at different levels, such
as air temperature, omega, relative humidity, etc., from
January of 1979 to December of 2016, 38 years in total.
Downward radiation is defined as positive, and the sens-
ible and latent heat fluxes entering the atmosphere are
positive. Cloud data are from NOAA-CIRES database
from January of 1979 to December of 2014, 36 years in
total. Spatial resolution of all data is 1.875 (longitude)
1.904 (latitude).
2.2. Study area and monthly mean
Zhao et al. (2006) revealed a special area they called the
Arctic Oscillation Core Region that covers the Nordic
Seas and vicinity. The averaged SLP over this region is
highly correlated with AOI with a correlation coefficient
of 0.949. This led to the question of what factors induce
the consistent variation of the averaged SLP there and
the AOI. It implies that the Nordic Seas might have a
special contribution to the AO/NAO. Furthermore, the
heat fluxes from the Nordic Seas are quite complex
because the underlying ocean contains warm and cold
waters with the maximum horizontal spatial difference in
SST of more than 10 C (Kostianoy and Nihoul, 2009).
To study the coupling of surface heat fluxes with the
AOI, we chose the region north of 35N in the North
Atlantic Ocean, which includes the Nordic Seas, the sub-
polar gyre and part of the subtropical gyre. In this
region, the ocean is bounded by Europe and North
America in the North Atlantic, and by Greenland and
the Norwegian coast in the Nordic Seas. The transporta-
tions of warm water from the tropics and the cold water
from the Arctic result in enormous heat exchange to form
a special climate system.
As the basis of our research, the seasonal variation of
heat fluxes exhibits the thermal budget between ocean
and atmosphere. The monthly means for January and
August heat fluxes are plotted in Fig. 1 to reflect the typ-
ical seasonal variations in winter and summer,
respectively.
There are remarkable seasonal differences in short-
wave radiation. In winter, it is only tens of W m2 in the
subpolar region and nearly zero in the Nordic Seas, while
in summer the net short-wave radiation is greater than
170W m2 (Fig. 1a). The net long-wave radiation is
about 50–65W m2. The difference in net long-wave radi-
ations in winter and summer is only 15W m2. The sens-
ible heat flux in summer is less than 10W m2
everywhere (Fig. 1c) because of the weak air and sea tem-
perature differences, while in winter it is more than
100W m2 in the subpolar region and Nordic Seas. The
latent heat flux in summer is also weak in subpolar
regions, about tens of W m2, but in winter it is more
than 100W m2 and more than 300W m2 in
the subtropics.
Therefore, seasonally the main heat flux component in
summer is shortwave radiation; whereas in winter it is
through sensible and latent heat fluxes. The long-wave
radiation in winter and summer are similar. In the winter,
there is stronger heat release from the ocean to the over-
lying air masses, thereby warming the adjacent land
masses. The heat mostly comes from the advection of the
northward branch of the North Atlantic Current. In the
summer, the effect is reversed. Warm air masses (heated
by the sun on long days) above the Atlantic Ocean will
transfer heat to the underlying cooler ocean.
2.3. Analysis method
To explore the relationships between each heat flux com-
ponent and the AOI, a 12-month running mean was
applied to remove higher frequency signals than the sea-
sonal cycle. The Pearson correlation coefficient of the
AOI with the heat fluxes at each grid point was then
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Fig. 1. Multiyear averaged monthly heat fluxes in winter (January) and summer (August). (a) Net short-wave radiation (left: January;
right: August). (b) Net long-wave radiation (left: January; right: August). (c) Sensible heat flux (left: January; right: August). (d) Latent
heat flux (left: January; right: August).
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calculated to determine their spatial distribution. Using
12-month running means results in high persistence in
each of the time series, i.e. high autocorrelation. This
reduces the number of independent points in the time ser-
ies (n), which are needed to determine the statistical sig-
nificance of the correlations. n was calculated using the
method of Garrett and Toulany (1981), which varies
from 56 to 80 for AO index, heat fluxes, and cloud for
the total number of data points of 432. The correspond-
ing degrees of freedom are then n-2 and a statistically
significant correlation is around 0.27 or higher for 95%
confidential level. Therefore, the regions with correlation
coefficients greater than 0.27 or less than 0.27 are
defined as positive and negative high correlation
regions (HCR).
After the determination of positive and negative
HCRs, the running correlation coefficient (RCC) between
AOI and each heat flux component averaged over the
HCR were calculated to reveal the variation of the corre-
lations with time. The RCC, Rs(i) between two time ser-
ies, Xk and Yk, centred at ith month with the window
length of ±n is expressed as (Zhao et al., 2018)
Rs ið Þ ¼ R
iþn
k¼in XkXð Þ YkYð ÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPiþn
k¼in Xk Xð Þ2
q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPiþn
k¼in Yk Yð Þ2
q ;
i ¼ 1þ n; ::::;Nn;
(1)
Note that X and Y are not the means inside the win-
dow, but the means for all of the data, based on the sug-
gestion of Zhao et al. (2018). This RCC is named as
synoptic running correlation coefficient. In this study, n
was taken as 6months. The RCC was obtained by mov-
ing the window month by month. The average RCC
within each HCR was calculated using the data of all
RCCs, which is similar to the correlation coefficient of
the total time series (Zhao et al., 2018). All the running
correlation coefficients are plotted in related figures to
show their temporal variation.
3. Correlations between heat fluxes and the
Arctic Oscillation
The AO exhibits spatial variability, including area shrink-
ing and expanding, resulting in changing boundaries
(Zhao et al., 2010). The heat fluxes are inevitable influ-
enced by AO, but with spatial differences to the AO
itself. A high RCC of a heat flux and AOI would appear
if the grid point falls into the AO-dominated region,
otherwise the RCC would be low or opposite. As the
heat fluxes reflect the air-sea exchange, the HCRs have
explicit physical significant in regards to the AO.
3.1. Short-wave radiation
The spatial distribution of the correlation coefficient
between the net short-wave radiation and the AOI is
shown in Fig. 2a. Negative correlations dominant in the
Nordic Seas (a higher AO results in less short-wave radi-
ation) and a positive correlation covers the rest of the
North Atlantic Ocean. Spatially-averaged net short-wave
radiation in both positive and negative HCRs are
obtained and normalised to calculate the RCC with the
AOI. The correlation in the positive HCR is about 0.67,
while in the negative HCR it is about 0.62, both highly
significant (Fig. 2b,c).
The variation of downward short-wave is closely
related to cloud coverage (e.g. Hartmann, 2016), which is
confirmed by the high correlation coefficients in the
whole region (Fig. 3a). The RCC between cloud cover
and downward short-wave radiation is also highly nega-
tive with an average correlation coefficient of 0.82 (Fig.
3b,c), thus more clouds, less radiation.
Further evidence of the contribution of clouds is the
high correlation between cloud cover and the AOI (Fig.
4a), which is similar to that of short-wave radiation and
the AOI (Fig. 2a) but of opposite sign. The positive HCR
covers only Iceland and ambient regions of the Nordic
Seas, while to the south in the North Atlantic where the
HCR is negative. This means that when the AOI
increases, the cloud cover in most regions decreases with
exception of Iceland and its ambient regions. The RCCs
for positive and negative HCRs are reasonably high with
averages of 0.66 and 0.76. Therefore, the close relation-
ship among the AO Index, short-wave radiation and
cloud cover is confirmed.
The correlation in Fig. 4a indicates the enhancement
of the cyclonic wind field in the Nordic Seas during a
positive AOI. The cyclonic wind is divergent in the upper
level leading to dispersal of high clouds, while it is con-
vergent in the lower level that benefits the accumulation
of middle and lower clouds. Two reasons might induce
the increased cloud coverage in the Nordic Seas, one is
the production of clouds by upward airflow and the other
is the accumulation of clouds by convergence. These two
possibilities will be discussed further in Section 4.3.
Both possibilities all require upward airflow. Large-
scale and mesoscale atmospheric movements satisfy
hydrostatic equilibrium, in the vertical pressure coordin-


















where x and y are horizontal coordinates, z is the vertical
coordinate (positive upwards), u and v are horizontal vel-
ocity components, and w is the vertical velocity in the z
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Fig. 2. Correlation between net short-wave radiation and the AOI. (a) Spatial distribution of correlation coefficient with positive
(orange) and negative (blue) HCRs. (b1) and (c1), are the normalised curves for AOI (blue lines) and the averaged net short-wave
radiation anomalies (red lines) for positive and negative HCRs, respectively. The histograms show the RCCs for the positive (b2) and
negative (c2) HCRs.
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coordinate system. The first three terms on the right side
of Equation (2) can be neglected as they are much smaller
than the last term, and using the state equation of gas,
the relationship of x and w becomes approximately:
xw @p
@z
¼ qgw ¼  pg
RdTv
w (3)
where Rd is the gas constant for dry air, Tv is virtual tem-
perature of air and g is the acceleration of gravity. The x
data in a p-coordinate system provided by NCEP are
used to calculate the upwelling speed w in a z-coordinate
system using Equation (3).
The correlation distribution of ascending speed w at
500 hPa with the AOI is shown in Fig. 5. All Nordic Seas
lay within a positive HCR with the averaged correlation
coefficient about 0.79. It suggests that the upward airflow
is enhanced with an accompanying increase in the AOI.
Therefore, with the atmospheric circulation and
upward airflow increasing, the cloud cover in the Nordic
Seas increases while that of the North Atlantic Ocean
decreases. The changing cloud amount alters the short-
wave radiation arriving at the ocean surface. Usually,
when the AOI is positive, the decreased short-wave radi-
ation in Nordic Seas will weaken the AOI itself.
Fig. 3. The correlation between the downwelling short-wave radiation and cloud coverage. (a) The spatial distribution of correlation
coefficient of gridded downwelling short-wave radiation and cloud coverage anomalies. The entire correlation field is negative. (b1) The
normalised average downwelling short-wave radiation (red) and cloud coverage (blue) anomalies. (b2) The histogram of the RCC of
downwelling short-wave radiation and cloud cover.
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However, as analysed in Section 4.3, the positive feed-
back resulting from increasing clouds is dominant,
whereas the negative feedback of decreased short-wave
radiation is less important.
Fig. 4. The same as Fig. 2 but for the total cloud coverage and AOI.
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3.2. Long-wave radiation
Net long-wave radiation is positively correlated with
the AOI in the North Atlantic Ocean and negatively in
the Nordic Seas (Fig. 6a). In the positive HCR, the
RCC is stable with a correlation coefficient of 0.75,
while in the negative HCR, the RCC is variable with a
mean of 0.71. The main factor influencing upward
long-wave radiation is the SST. SST variability could
be caused either by solar heating or advection of heat
by ocean currents. As the main energy source of
oceanic heat, the variation of solar radiation surely
alters SST. However, the ocean currents could trans-
port more heat than solar heating to reflect the SST
variations in warm and cold ocean current regions. The
enhanced atmospheric circulation when the AOI is
positive drives an enhanced ocean circulation, which
induces the increase in long-wave radiation in warming
regions and decrease in cooling regions.
The solar heating and heat advected by currents could
exist synchronously, but are easily distinguished. SST varies
in phase with the AOI when heated by local solar radiation,
but lags when involving transport by slow ocean currents.
The long-wave radiation usually lags the AOI by two to
three months (Fig. 7) showing the major contribution comes
via advection by the ocean currents. The time difference
curve in Fig. 7 for long-wave radiation also includes an in
phase signal, which means the contribution of solar heating
is also important.
3.3. Sensible heat flux
The correlation coefficient between the sensible heat flux
and the AOI shows that the positive HCR locations are
in the cold-water region of the subpolar gyre and the
negative HCR occurs in the warm current regions (Fig.
8a). In both positive and negative HCRs, RCCs of sens-
ible heat and the AOI are all strongly correlated with the
average RCCs being 0.76 and 0.80, respectively.
3.4. Latent heat flux
The pattern of the correlation coefficient between latent
heat flux and the AOI is similar to that of sensible heat
and the AOI, with the positive HCR in the subpolar gyre
and negative HCR in the warm current region of the
North Atlantic Ocean (Fig. 9a). The main difference is
that the latent heat along the margin of the Nordic Seas
is positively correlated with AOI. The correlation between
latent heat and the AOI is high in the positive HCR (Fig.
9b) with an average correlation coefficient of 0.75. While
in the negative HCR, the average correlation coefficient
is only 0.48 but with varying positive and negative
RCCs (Fig. 9c).
4．Positive and negative feedbacks to the AO
Although the AO is derived from the SLP north of 20N
(Thompson and Wallace, 2001), the North Atlantic Ocean
Fig. 5. Spatial distribution of the correlation coefficient of upward airflow speed with the AOI.
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is considered to contribute dominantly to the AO, because it
is closely related to the NAO, and the latter is dominated by
the North Atlantic. Moreover, the average SLP in the Arctic
Oscillation Core Region centred in Nordic Seas is very high
Fig. 6. The same as Fig. 2 but for the net long-wave radiation and the AOI.
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correlated with AO index (Zhao et al., 2006), suggesting a
dominate contribution from this area.
The AO exhibits a weakening or enhancing of the
atmospheric circulation in the Northern Hemisphere
through the feedbacks. For example, the release of
absorbed solar energy from ocean surface varies interann-
ually through long-wave radiation, sensible and latent
heat fluxes. In turn, these heat fluxes are converted to
momentum variations in the atmosphere, hence a contri-
bution of ocean surface heat fluxes to the AO
is expected.
In Section 3, the atmospheric circulation in Nordic
Seas is attributed to the correlation between heat fluxes
and AOI. Wind and ocean currents transport air and
water with different temperature to alter the heat fluxes
in remote regions.
4.1. Variation of the atmospheric circulation over the
Nordic Seas
It is seen from Section 3 that all the heat flux compo-
nents are related to AOI variability, especially in positive
and negative HCRs. The AOI clearly reflexes the vari-
ation in the atmospheric circulation, mainly the westerly
winds. However, the main factor influencing the heat
fluxes is the meridional wind in the Nordic Seas, which is
in phase with AOI, but quite different with the westerly
(zonal wind). Owing to the geographical characteristics of
Fig. 7. The correlation as a function of lag between heat fluxes and the AOI for positive (a) and negative (b) HCRs, respectively.
DSW and USW are downward and upward shortwave radiations, DLW and ULW are downward and upward long-wave radiations,
SHF and LHF and for sensible and latent heat fluxes.
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Fig. 8. The same as Fig. 2 but for sensible heat and the AOI.
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Fig. 9. The same as Fig. 2 but for latent heat and the AOI.
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Nordic Seas, the regional circulation is semi-closed with
southerly winds along Norwegian coast and northerly
winds along Greenland. When the AOI is positive, the
atmospheric circulation of the Nordic Seas enhances the
transport of warm and cold air masses that alter the sur-
face heat fluxes. The meridional heat transport of atmos-
phere alters air temperatures, as shown by the correlation
between 500 hPa temperature and AOI (Fig. 10). After
several months’ lag, the ocean currents respond to the
atmospheric forcing, which also alters the heat fluxes.
The main function of the Nordic Seas atmospheric circu-
lation is to alter the surface heat fluxes by transporting
warm and cold air in north-south direction, and altering
the regional ocean circulation.
4.2. Time difference relevance analysis
For the studies on the mechanisms of any physical pro-
cess, the related factors are usually divided into driving
factors and response factors. The driving factors are con-
sidered to be external to force the system. Nevertheless,
for air-sea coupling processes, the atmosphere and ocean
belong to one system, in which, except for solar radi-
ation, the heat fluxes exchanged through air-sea interface
are not external processes but internal ones of the system.
In the air-sea coupled system, AO is an internal process.
Our concept is that there are positive feedbacks to main-
tain and enhance the AO, and negative feedbacks that
weaken the AO. It is just the growth and decline of these
positive and negative feedbacks that determine the evolu-
tion of the oscillation. The surface heat flux is the lan-
guage of ocean–atmosphere communication (Gulev et al.,
2013), which indicates what kind of interaction occurs.
The heat fluxes are either participants or indicators for
the air-sea interaction helping us to understand the feed-
back processes.
Clues for identifying feedbacks can be found from the
time difference between heat fluxes and AOI. The correla-
tions as a function of lag between averaged heat fluxes in
HCRs and the filtered AOI are analysed in this study.
Using the method of Garrett and Toulany (1981), the crit-
ical value of the significant correlation coefficient is around
0.27 for 95% confidential level, which is explained in section
2.3. All the results in the Fig. 7 are statistically significant.
Despite using running means, the amplitude and phase
information of the low frequency processes remain. Usually
the leading factors are dominant and the lag factors are
responsive. As the data in our study are monthly means,
only lead or lag times longer than one month can be identi-
fied. The influence of atmospheric processes is usually simul-
taneous with the AOI, while those impacted by the ocean
circulation are much longer and lag the AOI. The time dif-
ference relevant analysis results are listed in Fig. 7.
Among them, only the downward shortwave radiation
exhibits a signal leading by about five months. The long-
wave radiation, either in positive or negative HCRs, lags by
about two months, supporting the idea of a contribution by
ocean currents. As the downward radiation around Iceland
Fig. 10. Correlation coefficient of air temperature at 500 hPa and the AOI.
14 J. ZHAO ET AL.
Fig. 11. (a) Sketch of Arctic Oscillation Positive Feedback Region (AOPFR). (b) Sketch of positive and negative feedback processes
of surface heat fluxes to the AO. Pink and blue shaded scopes show positive and negative feedbacks, respectively. The abbreviated
symbols are as follows. ‘AO’: Arctic Oscillation; AOPFR: Arctic Oscillation positive feedback region; ‘temp.’: temperature; ‘LW’: long-
wave radiation; ‘SH’: sensible heat; ‘LH’: latent heat; ‘SLP’: sea level pressure; ‘ ’: increase; ‘ ’: decrease.
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is the only leading factor, this small area is of interest (Fig.
2). This region is inside the Arctic Oscillation Core Region
defined by SLP (Zhao et al., 2006), and only includes south-
ern central Nordic Seas off Norwegian and Greenlandic
coasts. We name it the Arctic Oscillation Positive Feedback
Region (AOPFR). The scope of AOPFR is not clearly
defined, which is roughly sketched by Fig. 11a based on
Figs. 2 and 4.
Fig. 12. Spatial distribution of averaged wind speed anomaly when AO is positive (a) and negative (b). The pattern was average by
wind fields with AOI > 0 and AOI < 0.
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4.3. Positive and negative feedbacks to the Arctic
Oscillation
In Section 3, the relationship of the heat fluxes with the
AOI are plotted in Fig. 11b. The atmospheric circulation
is considered the main factor related to AOI. Three main
processes are related to atmospheric circulation: horizon-
tal atmospheric circulation, ocean circulation and upward
airflow, as shown in Fig. 11b. The main feedbacks are
as follows:
4.3.1. Negative feedback by atmospheric circulation in
Nordic Seas. When the AO increases, the meridional
wind transports more heat to the Nordic Seas. This is
expected to lower the Icelandic Low, further enhancing
the AO. However, this positive feedback does not occur.
Enhanced southward winds transport more cold air to
subpolar region at this time (Fig. 12). Because the
enhanced westerly flow during positive AO blocks the
cold air from crossing it, the cold air is restrained to the
subpolar area causing the Icelandic Low to weaken, i.e.
negative feedback. At the same time, the enhanced merid-
ional wind transports more heat from equatorial region
to the subtropical region, thereby weakening the
Subtropical High, also a negative feedback.
4.3.2. Negative feedback by oceanic circulation. The
long-wave radiation lags the AO by about two months.
As the long-wave radiation is determined by the variation
of SST, the lag implies the contribution by ocean merid-
ional currents, which transport warm or cold water to
alter the SSTs. Based on Fig. 6a, the net long-wave radi-
ation decreases in low SLP area (Nordic Seas) and
increases in high SLP area (subtropical area), resulting in
weakening the meridional SLP gradient, so the function
of ocean current contributes as a negative feedback. As
the long-wave radiation can affect the whole air column,
its thermodynamic action is dominant.
4.3.3. Negative feedback by upward airflow. The upward
airflow contributes both positive and negative feedbacks.
In the AOPFR, clouds and upward airflow increase when
the AOI is positive (Figs. 4 and 5). Increasing cloud
coverage reduces the amount of solar radiation arriving
at sea surface, thereby lowering SSTs, long-wave radi-
ation and sensible heat fluxes. This is a negative feedback
by working to reduce the air temperatures and weaken
the AOI.
4.3.4. Positive feedback by upward airflow. The main
positive feedbacks are shown in the shaded frame by the
pink colour in Fig. 11b. There are three important phys-
ical processes accompanying the upward airflow. First,
the upwelled thermal advection results in increasing air
temperatures. Second, the condensation of warmer upw-
elled air releases latent heat and warms the ambient air
(Pfahl et al., 2015). Third, the liquid water in the cloud
absorbs more solar radiation (Cess et al., 1995). These
three processes have the same function, i.e. to increase air
temperature, lower the SLP and enhance the AOI, thus
being a positive feedback on the AO. This feedback
occurs inside AOPFR. Beyond the AOPFR, decreasing
cloud coverage with positive AOI acts as the nega-
tive feedback.
4.3.5. Contribution by atmospheric turbulence. The wind
speed alters the turbulence of the lower atmosphere and
the turbulent heat fluxes, as well as sensible and latent
heat fluxes. When the AOI is positive, the wind speed
increases in westerly influenced regions of the North
Atlantic and along the margins of the Nordic Seas (Fig.
12a). When the AOI is negative, the wind speed becomes
weaker (Fig. 12b). The latent heat is a one-way transfer
from ocean to atmosphere. The sensible heat, on the
other hand, is transported from ocean to atmosphere dur-
ing the year, except in summer. Therefore, the turbulent
heat fluxes become higher for a positive AO and lower
for a negative AO. It appears that the turbulent status
alters the heat transfer efficiency from ocean to atmos-
phere, but there is no special feedback to AO.
4.3.6. Contribution of sensible heat fluxes. With excep-
tion of the contribution of wind speed, sensible heat is deter-
mined by the air-sea temperature difference. Because
sensible heat synchronises with the AO, it is dominated by
air temperature, not by SST. The major factor for air tem-
perature is the advection of atmospheric circulation. In the
warm air area, the temperature difference of air and sea
decreases, and the weakened sensible heat flux reduces the
air temperature; whereas in the cold air area, the tempera-
ture difference of air and sea increases, the enhanced sens-
ible heat flux increases the air temperature. Therefore, the
sensible heat lowers the temperature of warm air and
increases the temperature of cold air, being part of the nega-
tive feedback arising from the atmospheric circulation.
4.3.7. Contribution of latent heat fluxes. First, atmos-
pheric humidity was checked to determine if it might be
the main cause of the altering latent heat. However, the
difference in relative humidity at positive and negative
AO phases is not obvious (not shown). Then air satur-
ation becomes the only possible explanation of the alter-
ing latent heat. In the warm ocean current area, the
latent heat decreases when AO is positive, which could be
explained as an increase in the air saturation when the
warm air is cooled (Fig. 9a). Conversely, in the subpolar
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area, the positive HCR indicates that the latent heat
increases when the AO is positive. We speculate that
when cold air is dry, air saturation decreases as air tem-
perature increases. Similar to sensible heat, the latent
heat is also a negative feedback on the AO, as it lowers
the temperature of warm air and rises the temperature of
cold air.
4.4. Further discussion of the feedbacks
In Section 4.3, the upward airflow and its effects are
identified as the only positive feedback process. It is con-
sistent with studies that suggest radiative forcing by aero-
sols and cloud drives the long-term variation (Ottera
et al., 2010; Booth et al., 2012). Cloud-aerosol interac-
tions dominate not only the dynamics of marine shallow
clouds, but also the vertical disposition of latent heat of
deep convective clouds over the ocean and even more
strongly over land (Rosenfeld, 2006).
The atmospheric circulation and upward airflow over
Nordic Seas are the horizontal and vertical movements of
the same dynamic process. But the horizontal movement
results in negative feedbacks while vertical movement
results in positive feedbacks. From our results, the posi-
tive and negative feedbacks appear at different regions.
The margin of the Nordic Seas is the main pathway of
stronger winds and ocean currents causing larger air tem-
perature variations and is dominant by negative feed-
backs. However, the wind in the area centred at Iceland
is weak and the upward airflow is dominant with positive
feedbacks to the AO. This is consistent with Pfahl et al.
(2015) that ascending air from lower levels associated
with latent heating in clouds is of first-order importance.
According to our analysis, the AOPFR is a special
region with weak horizontal winds because it is a transi-
tion zone of southerly and northerly winds, but it has
strong upward airflow. Although the horizontal extension
of upward airflow is somewhat small (Fig. 11a), it
impacts a much larger area. The convergence in the lower
atmosphere will concentrate the air masses from a far
larger area, and the heat released from the sea surface
out of the AOPFR will join the upward flowing air,
thereby impacting the AO. Whereas the divergence in the
upper atmosphere not only makes the cloud disperse, it
also transports heat in the AOPFR to lower and higher
latitudes thus producing a hemispheric effect. Although
the absorption of solar radiation by the clouds is simul-
taneous, the heat accumulation, thermal diffusing and
semi-hemispheric system building may require a much
longer time. This explains why the solar radiation vari-
ation leads the AOI by about five months.
To summarise, the production and transportation of
clouds in the AOPFR is the dominant physical process,
with which the heat release variations produce positive
feedbacks on the AO. This is supported by the data and
our analysis of the heat fluxes. The function of the ocean
is one of negative feedbacks by influencing surface heat
fluxes. Ocean circulation contributes to the climate sys-
tem as a stabilising factor. Both positive and negative
feedbacks are all important in the variability of the AO.
Although all the low-frequency variations are related
to the air-sea coupling system, their mechanisms might be
different. Here, we identified that the meridional wind is
a key factor for AO because of the special geography of
Nordic Seas. For the other important low frequency
oscillation, the AMV, the mechanism might be quite dif-
ferent from that of the AO.
Arctic Amplification has been the highlighted climate
change topic. AOI is a useful index to be related to the
many variations in Arctic. The results of this paper are
helpful to understand the potential contribution of phys-
ical processes in Nordic Seas and Northern North
Atlantic. The feedbacks in open waters out of the ice-cov-
ered region become dominant factors. However, the con-
tribution of ice covered ocean to AO, especially of the
positive feedback by surface albedo (Screen and
Simmonds, 2010), is still unknown.
5. Conclusions
The NCEP surface heat fluxes, including short-wave and
long-wave radiations, sensible and latent heat fluxes, are
used to analyse their correlation with the AOI. Other
data are also used, such as cloud, SLP, air temperature,
SST and wind velocity. The patterns of correlation coeffi-
cients of the heat flux components with the AOI reveal
positive and negative high correlation regions (HCR)
with correlation coefficients higher than ±j0.27j.
The correlations between surface heat fluxes and the
AOI suggest that the main factor influencing heat fluxes
is the atmospheric circulation in the Nordic Seas. Because
of its geographic constraint, the Nordic Seas have a semi-
closed regional atmospheric circulation with southerly
wind along Norwegian coast and northerly wind along
Greenland, which varies in phase with AO. Three main
processes are related to the atmospheric circulation:
meridional wind, ocean circulation and upward airflow.
The main function of the meridional wind is on the
southern and northern transportation of warm and cold
air masses, which drives the ocean circulation variations
accordingly.
Our concept is that the AO is an air-sea coupled sys-
tem with a decadal time scale. There are positive feed-
backs that enhance the AO, and also negative feedbacks
that act to weaken the AO. It is their joint effect that
determines the evolution of the AO. Of the three main
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factors related to the atmospheric circulation in Nordic
Seas, meridional winds and ocean circulation are all nega-
tive feedback factors. The upward airflow produces
increased cloud, which also induces a negative feedback
because it reduces arriving solar radiation.
However, the upward airflow produces other effects:
(a) advection of warm air, (b) latent heat release by
condensation and (c) direct absorption of cloud to short-
wave radiation. These three effects have the same func-
tion, i.e. to increase the air temperature in the air column,
decrease the SLP and further increase the AOI. This pro-
cess occurring in the southern Nordic Seas off the
Norwegian and Greenlandic coasts is the only positive
feedback area in the North Atlantic Ocean, here referred
to as the AOPFR. We found no other positive feedback
region similar to the AOPFR in the northern North
Atlantic. Although the scope of AOPFR is very small, it
might impact a much larger area through the convergence
in the lower atmosphere and the divergence in the upper
atmosphere, which could potentially impact most of the
Northern Hemisphere.
Regarding what is the main driving factor, atmospheric
or oceanic processes, this paper provides a different
result. For long-term variations, the atmosphere and
ocean belong to the same system, and AO is an internal
process. The upward airflow in AOPFR is the only posi-
tive feedback factor to enhance the AO, which is directly
related to atmospheric process. Oceanic circulation is a
negative feedback contributor, which weakens the AO.
Both atmospheric and oceanic processes are all important
factors governing the evolution of the AO.
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